In this article, random vibration analysis of full aircraft with passive and active landing gears has been done by numerical simulations on random runway profile. The mathematical model of full aircraft with active landing gears and modelling of runway profiles have been developed for analysing the aircraft bounce, pitch, roll accelerations, displacement and shock strut travel while taxiing on random runways. The results show that vibration levels of the aircraft by the active landing gear system is less than the conventional landing gear system while taxiing on different grades of random runways. Comparison results also show that the active system improves the ride comfort and easiness of pilot handling and thus, increases the fatigue life of the aircraft.
INTRODUCTION
Landing gear is a critical component of the aircraft which transmits the ground loads to the aircraft structure. It provides ride comfort to the passengers during taxiing on the runways. It also improves the pilot's efficiency to control the aircraft and to read the instruments in the glass cockpits during ground manoeuvres. The landing gear fitted in the aircraft is not able to adjust the damping characteristics in real-time runway conditions. The focus on active landing gear system is essential to overcome
In an earlier research work [18] , mathematical modelling of aircraft with active landing gears is formulated to analyse the dynamic response of active landing gear system moving over bump inputs. The results indicated that ride comfort of the active landing gear system is better than passive landing gears. In this article, modelling of random road profile has been carried out. The dynamic response on different grades of random road and also response of varying taxiing speed of the aircraft have been analysed. In the mathematical modelling the pitch, roll and bounce effect have been considered for the calculation of active control force. The dynamic response of aircraft with active landing gears subjected to different grades of random runway excitations has been investigated.
FULL AIRCRAFT MODEL FORMULATION
The dynamic model consists of airplane and active landing gear system. The active landing system consists of low pressure reservoir, hydraulic pump, high pressure accumulator, servo actuator and electronic controller. When an aircraft lands, the shock strut stroke is influenced by the aircraft's payload and varies depending on the runway excitations. In the active landing gear system, the stroke is measured by the transducers and their signal input to the PID controller. This controller directs the servo valve to regulate the oil flow either into or out of the shock strut. It generates the active control force to reduce the vibration level and the force transferred to the airplane.
The full aircraft dynamic model built by considering the aircraft fuselage body or concentrated mass M is free to bounce, roll and pitch. The fuselage mass M is connected to the three lumped masses m 1 , m 2 and m 3 which are front, rear left and rear right landing gears piston and tire. The front one is called nose landing gear and the rear landing gears are called main landing gears. They are free to bounce vertically with respect to the fuselage mass. The full aircraft model contains three degrees-of-freedom for the aircraft fuselage mass (bounce, roll, pitch), and three degrees-of freedom for the vertical motions of the nose landing gear tire mass and for the rear main landing gears tire masses. The yaw motion of the model is neglected. However, as a future work the study would be extended including the yaw degree of freedom and the shimmy motion during landing of the aircraft. Figure 1 indicates the six degrees-of-freedom vibration model of the full aircraft. In this model u, q and b represent, respectively, the bounce, pitch and roll motion of the aircraft while u 1 , u 2 and u 3 represent the displacement of the nose, left and right main landing gears and u g1 , u g2 and u g3 are the ground excitations of the nose, left and right main landing gears. ks 1 , ks 2 and ks 3 represent the stiffness of nose shock strut, left and right main gear shock struts. cs 1 , cs 2 For deriving the equations of motion u, q and b are considered for bounce, pitch and roll motion of the aircraft. The equations are written by considering the motion along vertical axis (bounce), about lateral axis (pitch), and about longitudinal axis (roll). The vertical excitation on the aircraft is derived from the runway undulation and taxiing speed (longitudinal motion of the aircraft). The lateral motion (shimmy) of the aircraft is not considered in the present model and would be taken up in the future work. Equations of motion describing dynamics of the active landing gear system are derived from the model.
For bounce motion of the aircraft fuselage mass
where
For pitch motion of the aircraft fuselage mass (3) i.e.
where For roll motion of the aircraft fuselage mass (5) 
ks pa ks qb ks rb cs pa cs qb cs rb Q 0 
where For nose landing gear tire mass,
i.e.
For left main landing gear tire mass,
For right main landing gear tire mass,
The above equations of motion can be written in the matrix form as (13) where, [M] is the mass matrix given by
[C] is the damping matrix given by − + haks dbks ebks
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The governing equation can be simplified as (14)
ACTIVE CONTROL FORCE AND CONTROLLER DESIGN
The active control force Q generated by servo actuator is a function of the flow output of the servo valve. The following empirical formulae are given by Sharp [19] (15)
where, the flow quantity Q flow is calculated by (16) The servo valve displacement l(t) is controlled by the PID controller. Time delay is inevitable in the active control system because of the involved dynamics of servo actuators, filters and sensors, to generate active control force. In real active control systems, time is consumed by the acquisition of response and excitation data, online computation to obtain the required theoretical control force and application of the control force. Therefore, there will always be a delay between the time at which the control force is assumed to be applied and the time when the control force is actually applied. The time delay may reduce the control performance of the system. In future study, the intentional time delays into the feedback loop will be investigated by compensation methods.
PID control is widely used in many control applications because of it is simple, mathematically credible and relatively easy to realize with scope for adjustments. In this article, the traditional PID control is considered to complete the mathematical model and to investigate the landing gear system performance. The control strategy is based on the individual PID controllers for nose, left and right landing gears. It works for small uncertainties of the system. This lacks robustness against large system parameter uncertainties. This is due to insufficient number of parameters to deal with the independent specifications of time domain response such as settling time and over-shooting. In the extension of research, the mathematical based framework for designing robust controller against the system uncertainties will be investigated.
The controller design is defined as (17) G c is the current input from the controller. k p is the proportional gain, k i and k d are the integral and derivative gains of the PID controller. The error function is the difference between the reference signal and the feedback signal measured from the 
The output signals of the independent PID controllers at the nose landing gear, left and right main landing gear give the displacement of the nose, left and right landing gear servo valves, respectively. The displacement of the nose landing gear servo valve is written as: (19) Similarly, the displacements at the left and right main landing gear servo valves from the corresponding independent PID controllers are given as: (20) (21) Here the feedback coefficients k p proportionality coefficient, k i an integral coefficient and k d a differential coefficient are adjusted by Ziegler-Nichols tuning rules to obtain the best control efficiency. The values of gain margin and phase margin obtained from the plot of body displacement of the front landing gear system and the main landing gear system are used to determine the tuning parameters of the PID controller for the active full aircraft model. The ZieglerNichols tuning rules are used to determine the proportional, integral and derivative gains of PID controllers based on the transient response characteristics of a given system. According to this method, setting integral and derivative gains to zero, the k p is increased from 0 to a critical value k cr at which the output first exhibits sustained oscillations. 
MODELLING OF RANDOM ROAD PROFILE
In this work, the shape filter method [15] is used for generating the road profiles. The road profile can be represented by power spectral density (PSD) function. Power spectral densities of random roads show a characteristic drop in magnitude with wave number. To determine the PSD function, the road surface profile is measured with respect to the reference plane. Random road profile can be approximated by a PSD in the form
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where, f(W)-value of PSD at the reference wave number in rad/m denotes the angular spatial frequency L = wavelength w = waviness It is well known that the amount of road excitation imposed at the vehicle tire depends on the road roughness which is a function of the road roughness coefficient and the velocity (v). The random road profile is generated by shaping filter method. The profile can be approximated by PSD distribution using (23) where, where, w (t) is a white noise process with the spectral density y(w).
The road roughness standard deviations for various types of roads [15] are as given in Table 1 . The Simulink model of the first-order filter given by equation (24) is generated in Matlab-Simulink environment [21] as shown in Figure 2 . The different grades of random roads are generated by using the Simulink model and the values are given in Table 1 .
NUMERICAL SIMULATIONS
Based on the analysis described in Sections 2 and 3, the Simulink model of the acting landing gear system was been developed in the Matlab-Simulink environment. A typical airplane of 22,000kg, with landing gear mass of 650kg is considered with a taxiing speed of 18m/s for numerical simulation. The transient response of the aircraft with the passive and active landing gear system is simulated for the random runway excitation in Matlab-Simulink. The control methodology is based on a generic control loop feed mechanism widely used in industrial control systems. In this control strategy, the individual PID controllers are used for nose, left and right landing gears. The output signal of the controller is governing the displacement of servo valves considering bounce, roll and pitch effects due to random runway excitations. A comparison of the developed methodology with other existing schemes will be assessed in future study. Moreover, majority of the available literature has considered active control of aircraft based on single station mathematical model considering only bounce motion. Whereas in the present study, full aircraft math model considering bounce, pitch and roll motions are developed and independent active control is used for the landing gears. The parameters used for numerical simulation [20] are tabulated in Table 2 . Longitudinal Distance from C.G to nose landing gear Grade D road profile is a poor roughness road with a road roughness variance of 0.016, and road surface coefficient a = 0.127. Considering an aircraft speed of 18 m/s, grade D road profile was generated as shown in Figure 3 .
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A series of simulations were done in the Matlab (Simulink) and the fuselage bounce, pitch, roll accelerations, displacements and shock strut travel values were obtained to compare the dynamic response of the passive and active landing gear as shown in Figures 4-10 and tabulated in Table 3 . From Table 3 52.22% reduction of roll acceleration levels of aircraft with active landing gear system in comparison to the aircraft with passive landing gear system when travelling on Grade D roughness runway at a speed of 18 m/sec. Similarly, there is a considerable reduction of fuselage displacements. The shock strut travel of active system is 0.041m and that of the passive system is 0.071m, which shows 42.25% reduction of strut travel by the active system as compared to the passive system.
DYNAMIC RESPONSE ON DIFFERENT GRADES OF ROAD
The road profiles for different grades are generated and the performance of the active landing gear system is investigated in the Matlab-Simulink environment. Grade B road profile is a good road which has a road roughness variance 0.004, velocity of the aircraft 5m/s and a = 0.127 generated in Matlab-Simulink. Similarly, Grades C and E profiles are generated using the values given in Table 1 . A series of simulations were done with the road profiles, and important parameters of fuselage Aircraft Random Vibration Analysis using Active Landing Gears Figure 11 , the root mean square (RMS) value of active landing gear acceleration is 0.2035m/s 2 and the RMS value of passive landing gear is 0.3752 m/s 2 . There is a 47.68% reduction of vibration level of aircraft with active landing gear system as compared to the aircraft with passive landing gear system when travelling on Grade B road. In case of Grade C road, the RMS value of active landing gear acceleration is 0.3006 m/s 2 and the RMS value of passive landing gear is 0.6419m/s 2 and in case of Grade E road the RMS value of active landing gear acceleration is 1.2641m/s 2 and the RMS value of passive landing gear is 0.5661m/s 2 . In case of Grade C average road and Grade E road the acceleration reduced by active landing gear system is also approximately 50%. From Figure 12 , the fuselage displacement response for the aircraft with active landing gear is 3.80mm and the passive landing gear is 4.10mm when travelling over Grade B random road. The displacement response of the active landing gear is less than the passive landing gear. Similarly, the displacement response of the active system is less than the passive system for Grades C and E random roads. From Figure 13 , the RMS value of shock strut travel of active landing gear is 7.50mm and the travel of passive landing gear is 8.00mm. Similarly, the RMS value of travel distance of active system is less than the passive system for Grades C and E random profiles. The values obtained are tabulated in Table 3 . Even though it is a minimum value it greatly increases the life of the aircraft structure and the landing gear system. From Figures 11 -13 and from Table 3 , it can be noted that as the roughness variance increases, there is an increase in the fuselage vertical acceleration, vertical displacement and shock strut travel. There is overall average 50% reduction of acceleration of the aircraft with the active landing gear system. The fuselage vertical displacement and shock strut travel are also considerably reduced in the aircraft with the active system. The comparison shows the effectiveness of the active landing gear system for different grades of runways.
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CONCLUSION
Random vibration analysis of aircraft with active landing gears taxiing on random runway roughness has been done in Matlab/Simulink. The vibration levels show reduction in the magnitude of aircraft bounce, pitch, roll acceleration levels and displacement levels of the aircraft by the active landing gear system as compared to the passive system during travel over random runway surfaces. It is also observed that the influence of pavement roughness increases the vibration levels and considerably 50% reduction by the active landing gear system. Thus, the aircraft fitted with active landing gears have improved ride comfort of passengers and easiness for crew to control the aircraft on ground manoeuvres. The reduction of vibration level also increases the fatigue life of the landing gear and the aircraft fuselage structure while travelling on damaged runways. 
